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Abstract 

The baryon to photon ratio in the present Universe is very accurately measured to be 6.19 x 1CP 10 . 
We study the possible origin of this baryon asymmetry in the neutrino sector through the generic 
mechanism of baryogenesis through leptogenesis. We consider both type I and type II seesaw origin 
of neutrino masses within the framework of left right symmetric models (LRSM). Using the latest 
best fit global neutrino oscillation data and assuming the Dirac neutrino mass matrix to be either 
charged lepton (CL) or up quark (UQ) type, we compute the predictions for baryon to photon 
ratio keeping the lightest active neutrino mass eigenstate a free parameter for both normal and 
inverted hierarchical cases. We show that in inverted hierarchical scenario with type I seesaw, 
observed baryon asymmetry can not be generated for both CL and UQ type Dirac neutrino mass 
matrices. We also study the predictions for baryon asymmetry when the neutrino masses arise 
from a combination of both type I and type II (with one of them dominant at a time) and show 
that observed baryon asymmetry can be generated within these models upto certain exceptions. 
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I. INTRODUCTION 



Recent neutrino oscillation experiments have provided significant amount of evidence 
which confirms the existence of the non-zero yet tiny neutrino masses [1] . We know that the 
smallness of three Standard Model neutrino masses can be naturally explained via seesaw 
mechanism. In general, such seesaw mechanism can be of three types : type I [2], type II 
[3] and type III [4]. All these mechanisms involve the inclusion of additional fermionic or 
scalar fields to generate tiny neutrino masses at tree level. Although these seesaw models 
can naturally explain the smallness of neutrino mass compared to the electroweak scale, we 
are still far away from understanding the origin of neutrino mass hierarchies as suggested by 
experiments. Recent neutrino oscillation experiments T2K [5], Double ChooZ [6], Daya-Bay 
[7] and RENO [8] have not only made the earlier predictions for neutrino parameters more 
precise, but also predicted non-zero value of the reactor mixing angle #13. The latest global 
fit value for 3a range of neutrino oscillation parameters [9] are as follows: 

Am 2 2 ! = (7.00 - 8.09) x 10" 5 eV 2 

Am 2 3l (NH) = (2.27 - 2.69) x 10~ 3 eV 2 

Am 2 3 (IH) = (2.24 - 2.65) x 10" 3 eV 2 

sin 2 # 12 = 0.27 - 0.34 

sin 2 # 23 = 0.34 - 0.67 

sin 2 # 13 = 0.016 - 0.030 

S CP = - 2tt (1) 

where NH and IH refers to normal and inverted hierarchy respectively. 

The above recent data have positive evidence for non-zero #13 as well, which was earlier 
thought to be zero or negligibly small. This has led to a great deal of activities in neutrino 
model building [10, 11]. These frameworks which predict non-zero #i 3 may also shed light 
on the Dirac CP violating phase which is still unknown (and could have remained unknown 
if #13 were exactly zero). Apart from predicting the correct neutrino oscillation data as 
well as the Dirac CP phase, the nature of neutrino mass hierarchy is also an important yet 
unresolved issue. Understanding the correct nature of hierarchy can also have non-trivial 
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relevance in the production of matter antimatter asymmetry (or baryon asymmetry) and 
other relevant cosmology issues. The observed baryon asymmetry in the Universe is encoded 
in the baryon to photon ratio measured by dedicated cosmology experiments like Wilkinson 
Mass Anisotropy Probe (WMAP) among others. The baryon to photon ratio in nine year 
WMAP data [12] is found to be 

Y B ~ (6.19 ±0.14) x KT 10 (2) 

Leptogenesis is a novel mechanism to generate this observed baryon asymmetry in the 
Universe by generating an asymmetry in the lepton sector first which is later converted 
into baryon asymmetry through electroweak sphaleron transitions [13]. As pointed out by 
Fukugita and Yanagida [14], the out of equilibrium and CP violating decay of heavy Majo- 
rana neutrinos provides a natural way to create the required lepton asymmetry. The novel 
feature of this mechanism is the way it relates two of the most widely problems in physics : 
the origin of neutrino mass and the origin of matter-antimatter asymmetry. 

In view of above, the present work is planned to carry out a study of baryogenesis through 
leptogenesis in neutrino mass models with normal and inverted hierarchical neutrino masses 
within the framework of generic left-right symmetric models (LRSM) [15]. Such a work 
was done recently in [16] where the viability of several models were studied by fitting their 
predictions to the best fit neutrino oscillation data in the presence of both type I and 
type II seesaw. In this present work, we scan the parameter space of the same sets of 
models by calculating the baryon asymmetry and comparing with the experimental data. 
We parametrize the neutrino mass matrix using global fit neutrino oscillation data. We then 
keep the lightest active neutrino mass eigenstate as a free parameter and find out the allowed 
range of its mass for which correct baryon asymmetry can be generated. This calculation 
is performed by considering either type I or type II seesaw at a time and taking the Dirac 
neutrino mass matrix to be either CL type or UQ type. We then consider the contribution 
of both type I and type II seesaw terms to the neutrino mass with one of them dominating 
at a time. The dominating seesaw term is then used to find out the right-handed Majorana 
neutrino mass matrix by assuming two different types of Dirac neutrino mass matrices (CL 
and UQ type). Fixing the dominating seesaw term in this way, the other seesaw term is 
allowed to vary and prediction for baryon asymmetry is calculated for different combinations 
of Majorana neutrino phases 7r/6, it/4, it/3, it/2. We note that the variation of Majorana 
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phases and the strength of the non-leading seesaw term not only changes the predictions for 
baryon to photon ratio but also leads to a sign flip (which would correspond to an antimatter 
dominated Universe) in some cases. 

This paper is organized as follows: in section II we discuss the methodology of type I 
and type II seesaw mechanism in generic LRSM. In section III, we outline the details of 
computing baryon asymmetry in LRSM. In section IV we discuss our numerical analysis 
and results. We then finally conclude in section V. 

II. SEESAW IN LRSM 

Type I seesaw framework is the simplest possible seesaw mechanism and can arise in 
simple extensions of the standard model by three right handed neutrinos. There is also 
another type of non-canonical seesaw formula (known as type-II seesaw formula) [3] where 
a left-handed Higgs triplet A^ picks up a vacuum expectation value (vev). This is possible 
both in the minimal extension of the standard model by or in other well motivated 
extensions like left-right symmetric models (LRSM) [15]. The seesaw formula in LRSM can 
be written as 

m LL = m^ L + m[ L (3) 
where the usual type I seesaw formula is given by the expression, 

m LL = -m L RM^ml R . (4) 

Here is the Dirac neutrino mass matrix. The above seesaw formula with both type I 
and type II contributions can naturally arise in extension of standard model with three right 
handed neutrinos and one copy of A^. However, we will use this formula in the framework 
of LRSM where Mrr arises naturally as a result of parity breaking at high energy and 
both the type I and type II terms can be written in terms of Mrr. In LRSM with Higgs 
triplets, Mrr can be expressed as Mrr = vrJr with vr being the vev of the right handed 
triplet Higgs field Ar imparting Majorana masses to the right-handed neutrinos and fa is 
the corresponding Yukawa coupling. The first term m 1 ^ in equation (3) is due to the vev 
of SU{2) L Higgs triplet. Thus, = /lVl and M RR = /rVr, where vl,r denote the vev's 
and fi,R are symmetric 3x3 matrices. The left-right symmetry demands Jr = fz = f. The 
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induced vev for the left-handed triplet vl can be shown for generic LRSM to be 

vl = 7 

Vr 

with Mw ~ 80.4 GeV being the weak boson mass such that 

\v L \ « M w « \v R \ 

In general 7 is a function of various couplings in the scalar potential of generic LRSM and 
without any fine tuning 7 is expected to be of the order unity (7 ~ 1). type-II seesaw 
formula in equation (3) can now be expressed as 



With above seesaw formula (5), the neutrino mass matrices are constructed by considering 
contributions from both type I and type II terms. The choice of Vr however, remains 
ambiguous in the literature where different choices of Vr are made according to convenience 
[17-21]. However, in this present work we will always take vr as vr = 7-^ — 7 X 10 15 GeV 
[20, 21]. It is worth mentioning that, here SU(2)r x U(1)b-l g au g e symmetry breaking 
scale (as in generic LRSM) vr is the same as the scale of parity breaking [17]. Using this 
form of vr, the seesaw formula (5) becomes 



Quantitatively, either of the two terms on the right hand side of equation (6) can be 
dominant or both the terms can be equally dominant. However, for generic choices of 
symmetry breaking scales (mentioned above) as well as the Dirac neutrino mass matrices 
(generically to be of same order as corresponding charged lepton masses), both type I and 
type II term can be equally dominant only when the dimensionless parameter 7 is fine tuned 
to be very small. We check this by equating both the terms to the best fit value of m^. 
We skip such a fine-tuned case here and consider two other possible cases in our work: one 
in which type I term dominates whereas type II term is present as a small perturbation and 
the other in which type II term dominates with type I term as a small perturbation. 

A. Case I: Dominating Type I Seesaw 



m LL = ^(M w /v r ) 2 Mrr - m LR M RR m T LR 



(5) 





In this case, the second term in the equation (6) gives the leading contribution to 
and hence we compute the right-handed neutrino mass matrix Mrr by using the inverse 

5 



type I seesaw formula M RR = m^ R m L ]m,LR where we use the best fit and generic 



as will be shown in the section IV. Here we hold M RR fixed, so the first term in equation 
(6) is dependent on the value of 7 while second term is fixed. For 7 ~ 1, the first term 
has minimum contribution whereas for smaller values of 7, the contribution of the type II 
term will increase. We vary the dimensionless parameter 7 from 0.0001 to 1.0 and check the 
survivability of neutrino mass models with contributions from type I and type II terms. 

B. Case II: Dominating Type II seesaw 

This is the case where the first term in the equation (6) gives the leading contribution to 
ttill- This scenario within grand unified models like .SO (10) have been discussed in [22]. In 
this case, we compute M RR /'y from the inverse type II seesaw formula 



It should be noted that here we are keeping M RR /j constant instead of just M RR as in 
the case I. Thus, although the first term in equation (6) remains constant, the second term 
varies as we vary 7 and have the minimal contribution for 7 ~ 1. Similar to the case I, here 
also we vary 7 between 0.0001 and 1.0 and calculate the predictions for baryon asymmetry. 
The details of both these case will be presented in details in section IV 

III. LEPTOGENESIS IN LRSM 

Study of Leptogenesis in LRSM has received lots of attention in last two decades and a 
large number of works dedicated to this topic can be found in the literature. Here we closely 
follow the notations of [21] to carry out our analysis. 

For the calculation of baryon asymmetry, we go to the basis where the right handed 
Majorana neutrino mass matrix is diagonal 




(7) 



U R M RR U R = diag(M 1 , M 2 , M 3 ) 



In this diagonal M RR basis, the Dirac neutrino mass matrix also changes to 



m LR = m d LR U R 
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FIG. 1: Predictions for baryon to photon ratio as a function of lightest active neutrino mass 
eigenstate (in eV) for CL type ttilr 

where m d LR is the assumed choice of the Dirac neutrino mass matrix in our calculation which 
is either CL or UQ type diagonal matrix. The lepton asymmetry arising from the decays of 
the lightest right handed Majorana neutrino Ni — > $L C and Ni — > $'L: 

' r(iVi $l c ) + r(iVi $ti 

= ^R^£ Im(mLmM) « /(M|/MD (8) 

where w = 174 GeV is the vev of the Higgs bidoublets responsible for breaking the elec- 
troweak symmetry and the function f(x) = — f° r x ^> 1. After determining the lepton 
asymmetry e, the corresponding baryon asymmetry can be obtained by 

Yb = ck— (9) 

9* 

through electroweak sphaleron processes [13]. Here the factor c is measure of the fraction 
of lepton asymmetry being converted into baryon asymmetry and is approximately equal to 
—0.55. k is the dilution factor due to wash-out process which earse the produced asymmetry 
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Normal Hierarchy with Type 1 Seesaw 



Normal Hierarchy with Type 2 Seesaw 




FIG. 2: Predictions for baryon to photon ratio as a function of lightest active neutrino mass 
eigenstate (in eV) for UQ type tulr 

and can be parametrized as [23] 



— K 



Vrn^exp[-4/(3(0.1iT) a25 )], iorK > 10 e 



for 10 < K < 10 6 



where K is given as 



— . for < K < 10. (10) 



R _ ?i _ (m{ R m LR )M 1 M Pl 



H(T = M 1 ) 8nv 2 IMy/g^M^ 

Here I\ is the decay width of JVi and H(T = M\) is the Hubble constant at temperature 
T = M\. The factor g* is the effective number of relativistic degrees of freedom at T = Mi 
and is approximately 110. 
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NH with Type 1 Seesaw and a—fi — n/6 NH with Type 1 Seesaw and a—fi — n/4 
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FIG. 3: Variation of baryon to photon ratio with 7 and Majorana phases for CL type itilr and 
dominant type I seesaw with normal hierarchy 

IV. NUMERICAL ANALYSIS AND RESULTS 



For the purpose of numerical analysis we parametrize the neutrino mixing matrix as 



/ 



U, 



C12C13 



S12C13 



"S12C23 — Ci2'S23'Sl3e 1 ' 5 C12C23 — Si2S23 s 13 e815 



si 3 e 

S23 c 13 



S12S23 — c 12C23Sl3e J<5 — C12S23 ~~ •5i2C 2 3S 13 e* <5 C23C43 



diaerfl, e ta , e 



where = cos%, s^- = sin^-. 6 is the Dirac CP phase and a, f3 are the Majorana phases. 
Since we know only the two mass squared differences for the active neutrinos, we consider a 
hierarchical pattern of neutrino masses where the heavier mass eigenstates are of the order 
of the mass squared differences, whereas the the lightest one can be much lighter than the 
other two. We take the best fit central values of the mixing angles and take the Dirac CP 
phase to be it [24]. 

After parameterizing the neutrino mass matrix using oscillation data, we consider the 
two cases I and II mentioned in the previous section one by one. First, we consider the 
case I i.e., type I dominance and calculate the right-handed Majorana neutrino matrix Mrr 
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FIG. 4: Variation of baryon to photon ratio with 7 and Majorana phases for CL type itil R an d 
dominant type II seesaw with normal hierarchy 



using the inverse type I seesaw formula 



M RR = ml R m L lm LR 



(12) 



To calculate the M RR for each case, we need to have the Dirac neutrino mass matrix {ttilb)- 
We take the Dirac neutrino mass matrix to be diagonal with either charged lepton mass 
structure or up quark mass structure. The general form of Dirac neutrino mass matrix is 



m 



(o) 

LR 



( 



x m 
x n 

1 



\ 



mi 



(13) 



where rrif corresponds to m r tan/3 for (m,n) = (6,2), tan/3 = 40 in case of charged lepton 
and m,t for (m,n) = (8,4) in the case of up-quarks [25, 26]. A = 0.22 is the standard 
Wolfenstein parameter. It should be noted that such a diagonal form of Dirac neutrino 
mass matrix can be naturally achieved by applying additional flavor symmetries. A possible 
abelian gauge symmetry that can constrain the Dirac neutrino mass matrix to the diagonal 
form was outlined recently in one of our works (first reference in [16]). Now, using m^ R in the 
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FIG. 5: Variation of baryon to photon ratio with 7 and Majorana phases for CL type itilr and 
dominant type II seesaw with inverted hierarchy 

inverse type I seesaw formula above, we calculate Mrr. For case II that is type II seesaw 
dominating scenario, we calculate Mrr by using the type II seesaw formula for 7 = 1.0. 
After calculating Mrr for both type I and type II seesaw dominating cases, we calculate the 
predictions for baryon asymmetry by varying the lightest active neutrino mass eigenstates 
for both types of neutrino mass hierarchies (Normal and Inverted) as well as both types of 
Dirac neutrino mass matrices (CL and UQ). The results are shown in figure 1 and 2. We 
notice that, for the entire range of lightest active neutrino mass eigenstate we scan through, 
inverted hierarchy with type I seesaw domination do not give rise to the observed baryon 
asymmetry for both CL and UQ type Dirac neutrino mass matrices. Whereas, for normal 
hierarchy with either type I or type II seesaw as well as inverted hierarchy with type II 
seesaw are found to produce the observed baryon asymmetry for certain ranges of lightest 
active neutrino masses as seen from figure 1 and 2. 

After calculating the baryon asymmetry for type I seesaw and type II seesaw separately, 
we consider the contribution of both type I and type II seesaw terms to the neutrino mass 
by considering one of them dominating at a time. The contribution of the non-leading 



11 




FIG. 6: Variation of baryon to photon ratio with 7 and Majorana phases for UQ type uilr and 
dominant type I seesaw with normal hierarchy 

seesaw term can be adjusted by varying the dimensionless parameter 7 with minimum non- 
leading contribution for 7 ~ 1. We vary this dimensionless parameter 7 from 0.0001 to 1.0 
and check the variations in the predictions for baryon asymmetry. We do this exercise for 
different Majorana phases a = (3 = 7r/6, 7r/4, it/3, 7r/2 as shown in the figures 3, 4, 5, 6, 7, 8. 
These figures show that the variations of Majorana phases as well as 7 can not only change 
the predictions for baryon asymmetry from the observed value but also can give rise to a 
flip in sign which would correspond to a Universe with more antimatter than matter. 

We observe that, in the presence of both type I and type II seesaw contribution, only the 
inverted hierarchical scenario with UQ type Dirac neutrino mass matrix gives rise to correct 
baryon asymmetry provided the Majorana phases are close to 7r/6. Thus, we can discriminate 
between several models by comparing their predictions with the observed baryon asymmetry. 
From such an analysis, we can also constrain the parameters like Majorana phases, which 
are presently unconstrained from neutrino experiments. 
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FIG. 7: Variation of baryon to photon ratio with 7 and Majorana phases for UQ type mm and 
dominant type II seesaw with normal hierarchy 

V. CONCLUSION 

We have studied the possibility of producing the observed baryon asymmetry in the Uni- 
verse within the framework of generic left-right symmetric models by considering both types 
of hierarchies (normal and inverted) and two types of Dirac neutrino mass matrices: charged 
lepton type and up quark type. In generic LRSM, neutrino mass can get contributions from 
both type I as well as type II seesaw terms. We consider two possible cases: one in which 
type I seesaw dominates and the other in which type II seesaw dominates. 

We use the generic parametrization of neutrino mixing matrix and find the numerical 
value of these parameters using the global fit neutrino oscillation data. We consider the 
heavier mass eigenstates of active neutrinos to be of the order of measured mass squared 
differences and keep the lightest mass eigenstate as a free parameter. We then compute 
the predictions for baryon to photon ratio by considering either type I or type II seesaw 
terms for both the types of hierarchies as well as both CL and UQ type Dirac neutrino mass 
matrices. We show that inverted hierarchical models with type I seesaw are disfavored as 
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IH with Type 2 Seesaw and a=p=x/6 ™ with Type 2 Seesaw and a=p=x/4 
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FIG. 8: Variation of baryon to photon ratio with 7 and Majorana phases for UQ type mm and 
dominant type II seesaw with inverted hierarchy 

their predicted baryon asymmetry falls below the observed value by around two orders of 
magnitudes. 

We then keep the dominating seesaw term fixed in the seesaw formula and vary the 
other term by varying the dimensionless parameter 7. We then calculate the predictions 
for baryon asymmetry for different values of 7 as well as four different Majorana phases 
7r/6, 7r/4, 7r/3, 7r/2. We show that for UQ type Dirac mass matrices and inverted hierarchy, 
Majorana phase of ir/6 is more favorable. For the case of normal hierarchy, a combination 
of type I and type II seesaw do not give rise to the observed baryon asymmetry for all the 
Majorana phases we have considered. However, type I or type II seesaw separately can give 
rise to the observed baryon asymmetry in these mdoels as can be seen from figure 1,2. 

In view of above, the neutrino mass models considered in our study can survive in nature 
and produce the observed baryon asymmetry within the framework of type I and type II 
seesaw mechanism. Inverted hierarchy with type I seesaw was found to be disfavored in our 
analysis as it falls short of the observed baryon asymmetry by two orders of magnitudes. 
Whereas, normal hierarchy can give rise to the observed baryon asymmetry for both type 
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I and type II seesaw separately and both CL and UQ type Dirac neutrino mass matrices. 
However, in the presence of both type I and type II seesaw (with one of them dominating 
at a time), most of the models included in our study are found to be disfavored except the 
inverted hierarchical case with type II seesaw dominance and UQ type Dirac neutrino mass 
matrix. More precise data from neutrino oscillation experiments as well as cosmology should 
be able to reduce the number of available possibilities presented in our analysis. 
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